25 2 1 2 SUMMARY 3 Despite extensive mapping of three-dimensional (3D) chromatin structures, the basic 4 principles underlying genome folding remain unknown. Here, we report a fundamental role 5 for L1 and B1 retrotransposons in shaping the macroscopic 3D genome structure. Homotypic 6 clustering of B1 and L1 repeats in the nuclear interior or at the nuclear and nucleolar 7 peripheries, respectively, segregates the genome into mutually exclusive nuclear 8 compartments. This spatial segregation of L1 and B1 is conserved in mouse and human cells, 9 and occurs dynamically during establishment of the 3D chromatin structure in early 10 embryogenesis and the cell cycle. Depletion of L1 transcripts drastically disrupts the spatial 11 distributions of L1-and B1-rich compartments. L1 transcripts are strongly associated with 12 L1 DNA sequences and induce phase separation of the heterochromatin protein HP1α. Our 13 results suggest that genomic repeats act as the blueprint of chromatin macrostructure, thus 14 explaining the conserved higher-order structure of chromatin across mammalian cells. 15 16 17 3 26 5 repetitive sequences are involved in this process. Long and short interspersed nuclear elements 1 (LINEs and SINEs, respectively) are the two predominant subfamilies of retrotransposons in most 2 mammals (Mandal and Kazazian, 2008). L1 (also named as LINE1 or LINE-1) is the most abundant 3 subclass of LINEs, and also constitutes the most abundant type of all repeat subclasses, making up 4 to 18.8% and 16.9% (0.9~1.0 million copies) of the genome in mouse and human, respectively 5 (Taylor et al., 2013). B1 in mouse and its closely related, primate-specific Alu elements in human 6 are the most abundant subclass of SINEs, constituting 2.7%~10.6% (0.6~1.3 million copies) of 7 mouse and human genomes (Lander et al., 2001; Mouse Genome Sequencing et al., 2002). L1 and 8 B1/Alu have distinct nucleotide compositions and sequence lengths. While Alu elements are ~300 9 bp long and rich in G and C nucleotides, L1 elements are 6-7 kb long and AT-rich (Jurka et al., 10 2004). A previous study of metaphase chromosome banding showed roughly inverse distributions 11 of L1 and Alu elements in chromosomal regions with distinct biochemical properties (Korenberg 12 and Rykowski, 1988). Further studies reported that Alu/B1 elements are preferentially enriched in 13 regions that are generally gene-rich, whereas L1 elements are enriched in gene-poor regions, which 14 tend to be located in lamina-associated heterochromatin (Deininger, 2011; Meuleman et al., 2013; 15 Wijchers et al., 2015). However, systematic mapping of L1 and B1 elements in the genome and the 16 nuclear space is still lacking. 17 Here, we report that L1 and B1/Alu repeats harbor the basic structural information in their 18 DNA sequences to instruct the 3D organization of mammalian genomes. Co-segregation of B1/Alu 19 and L1 repeats with the A and B compartments, respectively, is highly conserved in different mouse 20 and human cell types. B1/Alu-rich regions cluster in the interior of the nucleus, while L1-rich 21 regions cluster at the nuclear and nucleolar periphery. This pattern of homotypic clustering and 22 segregation is dynamically established in the cell cycle and in early embryogenesis. L1 RNA is 23 critically required for the formation and maintenance of compartment segregation and the higher-24 order chromatin structure. Most likely, L1 RNA transacts the structural information in L1 DNA 25 repeats by acting upon its own DNA sequences to promote phase separation of HP1, thereby 26 6 inducing heterochromatin formation. Our findings uncover a fundamental principle of 3D genome 1 organization that is rooted in genomic DNA sequences, and also provide an answer to the 2 perplexing phenomenon of the conservation and robustness of chromatin compartmentalization 3 across mammalian species. 4 5 RESULTS 6 7 We analyzed the genomic positions of the major repeat subfamilies and observed positive 8 correlations within the L1 and SINE B1 subfamilies, but strong inverse correlations between them 9 ( Figure S1A ). This observation suggests that L1 and SINE B1 elements tend to be positioned away 10 from each other in the genome, while repeats from the same subfamily tend to be clustered. The 11 non-random positioning of repeat sequences in the genome prompted us to examine their relative 12 distributions in the A/B compartments. Analysis of Hi-C data in mouse embryonic stem cells 13 (mESCs) (Fraser et al., 2015) showed that dense L1 and B1 repeats appear to reside in distinct and 14 mutually exclusive compartments across the mouse genome, whereas other types of 15 retrotransposons such as ERV1, ERVK, and L2 tend to be randomly distributed (Figures 1A and 16 S1B). The compartments marked by B1 repeats show enrichment of active histone marks 17 (H3K4me3, H3K9ac, H3K27ac, H3K36me3), strong binding of RNA polymerase II (Pol II), and 18 high levels of chromatin accessibility and transcription activity. In contrast, the compartments 19 marked by L1 repeats show signatures of heterochromatin, including enrichment of the repressive 20
INTRODUCTION
The mammalian genome is folded nearly one million-fold within the nucleus of a cell 2 (Annunziato, 2008) . Hierarchical organization of genome folding at different scales is central to 3 gene expression, cellular function and development, and alterations in genome organization often D and F (DF) or between c and e (ce) are much stronger than those of D or F with c or e (cD, De, 23 eF), despite the fact that these regions are closer in the linear sequence. 24 Conversion of Hi-C contact frequencies into Pearson correlation coefficients sharpened our 25 view of the long-range chromatin interactions ( Figure 1F ). Strikingly, the plaid pattern of the Hi-C 26 8 correlation map appears to perfectly match the distribution and interaction status of L1 and B1. L1-1 rich or B1-rich regions show strong enrichment of contacts with regions containing the same repeat 2 type (red blocks in Figure 1F ). We refer to these as homotypic contacts. Contacts between regions 3 containing the other repeat type (heterotypic interactions) are strongly depleted (blue blocks in 4 Figure 1F ). For example, in one region of chr17 (35 to 95 Mb), L1-enriched segments (from e to 5 u) and B1-enriched segments (from F to T) exhibit high frequencies of homotypic contacts ( Figure   6 1F, highlighted by arrows), but strong depletion of heterotypic contacts. Similarly, homotypic 7 contacts between L1-rich regions or B1-rich regions were also observed between chromosomes, as 8 illustrated by chromosomes 17 and 19 ( Figure 1G ). These results indicate that genomic regions 9 containing B1 or L1 repeats tend to interact with genomic regions containing repeat sequences 10 from similar subfamilies, but not from different subfamilies, regardless of linear proximity. Thus, 11 homotypic clustering of regions rich in B1 or L1 repeats partitions the genome into distinct A and 12 B compartments, respectively. localization at the nucleolar periphery in mESCs, we performed immuno-FISH, which combines 25 DNA FISH with immunofluorescence staining using an antibody against the nucleolar marker 26 1 of NCL at the nucleolar periphery ( Figure 2C ). 2 To ask whether L1 and B1 localizations might vary with cell type, we performed immuno-3 FISH in four other representative mouse and human cell lines: neural stem cells (NSC), fibroblasts 4 (NIH3T3), myoblasts (C2C12) and Hela cells ( Figure 2C ). Similar to mESCs, all these cells show 5 non-overlapping localizations of B1/Alu repeats, which are present in the nuclear interior, and L1 6 repeats, which are mainly located at the nuclear and nucleolar peripheries. The distributions of 7 B1/Alu and L1 are reminiscent of the nuclear localization of euchromatin and heterochromatin, 8 respectively. Together, the results from Hi-C and imaging analysis demonstrate that homotypic 9 B1/Alu or L1 DNA sequences associate together to form larger clusters, which divide the nucleus 10 into distinct territories of A/B compartments, and nuclear co-segregation of B1/Alu and L1 repeats 11 with the A and B compartments is conserved across different cell types in mouse and human. As chromatin organization undergoes dynamic changes during mitosis and after fertilization, 16 we asked whether L1 and B1 compartments are established and re-constructed in these two 17 biological processes. DNA FISH analysis of synchronous mESCs showed that L1 and B1 18 localizations change dramatically at different cell-cycle stages ( Figures 3A and S2A ). S-phase cells 19 show non-overlapping and complementary localizations of L1 and B1 repeats (Figures 2 and 3A) . 20 This is similar to the pattern we observed previously in asynchronous mESCs, most of which are 21 in the S phase of the cell cycle ( Figure S2A ). However, L1 and B1 DNA signals are mixed on 22 mitotic chromosomes in metaphase (M phase, including prophase and anaphase), when the nuclear 23 membrane and nucleoli are disassembled. As the cell cycle progresses into the G1 phase, L1 and 24 B1 DNA start to segregate again. To quantify the degree of segregation, we defined a FISH-based 25 segregation index as the negative value of Pearson's correlation coefficient of L1 and B1 DNA 26 10 signals in the nucleus. The FISH segregation index is lowest in M-phase cells, but increases 1 significantly in the G1 phase and peaks in the S phase ( Figure 3B ). 2 To provide further molecular evidence for segregation of repeats during the cell cycle, we , 1992) . We recently showed that that L1 RNA can be efficiently knocked down with 16 antisense morpholinos (AMO) in mouse embryos and mESCs (Percharde et al., 2018). We 17 successfully depleted L1 and B1 transcripts by injecting antisense morpholinos or oligonucleotides 18 (ASO) into mouse zygotes ( Figures S3A-B ). Embryos depleted of L1 or B1 RNA were able to pass 19 the first embryonic division and their development was indistinguishable from control embryos at 20 the 2-cell stage; however, they failed to divide further and became arrested at the 2-cell stage 21 ( Figure 4A ). We collected these embryos for DNA FISH analysis when the control group injected 22 with scramble AMO or ASO had grown to the late 2-cell stage. In embryos depleted of L1 or B1 23 RNA, L1/B1 segregation is impaired, as indicated by significantly lower L1/B1 segregation Notably, inhibition of both Pol I and II by ActD caused a more severe effect than inhibition of Pol 10 II alone by DRB. These results indicate that transcription facilitates the nuclear organization.
11
Next, we sought to deplete repeat transcripts in mESCs in order to dissect the effects on 12 chromatin organization independent of embryonic progression. B1/Alu repeats are known to be 13 broadly involved in diverse cellular processes, including transcription and RNA processing and were downregulated in L1-depleted cells, whereas aberrant B1-L1 contacts (represented by cD, De, 1 Dg, Di, eF, Fg, and Hi) were increased. Globally, L1-depleted cells show significantly lower Hi-C 2 segregation indexes compared to control mESCs ( Figure 5A ). Consistent with the overlapping 3 signals of L1 and B1 DNA FISH ( Figure 4E ), these results revealed defective nuclear segregation 4 of L1 and B1 compartments after depletion of L1 RNA ( Figure 5B ).
5
Next, to directly visualize changes in spatial contacts at specific loci, we performed oligopaint 6 dual-color DNA FISH ( Figure 6A ). We labeled four representative genomic regions on chr17, a 7 B1-enriched region (F) and three L1-enriched regions (e, g and q), with a set of 500 ~ 4,500 DNA 8 probes for each region at a density of 200 bp per probe, and measured the spatial distances between 9 the probe signals within mESC nuclei. In control mESCs, the two linearly adjacent L1-and B1- . We showed that HP1 binds 25 1 specifically binds L1 DNA sequences throughout the genome, and is significantly enriched in L1 2 repeat-associated compartments, but is depleted in B1-associated compartments ( Figures 1A and   3 7A), as shown by chromatin isolation by RNA purification followed by sequencing of L1 RNA 4 (ChIRP-seq) (Lu et al., paper submitted). Given the abundance and co-residence of L1 repeats with 5 HP1 in similar heterochromatin contexts within the nucleus, we hypothesized that L1 RNA may 6 facilitate heterochromatin formation by promoting HP1 phase separation. 7 We firstly tested the direct protein-RNA interaction between the recombinant human HP1 8 protein and L1 RNA fragments that were transcribed in vitro. Interestingly, the L1 RNA mix Although tremendous efforts have been dedicated to studies of structural chromatin proteins 21 and cataloging chromatin maps, the role of DNA sequences in 3D genome organization has been 22 largely ignored. It has been speculated that genome organization may occur through polymer phase underlying the function of L1 RNA remains to be fully elucidated by future studies.
12
In summary, our study starts to unravel the fundamental principle of 3D genome organization, 13 in which the distribution of L1 and B1 transposable elements provides the blueprint for chromatin 14 folding. As discovered by Anfinsen in the late 1950s, the central pillar of protein science tells us 15 that the amino acid sequence of a protein determines its structure and function (Anfinsen, 1972;  16 Anfinsen et al., 1954) . Analogously, we propose that the primary DNA sequences determine how 17 the genome folds and functions. We believe that genome folding occurs autonomously, through a 18 process that is driven by homotypic clustering of regions containing L1 or B1 repeat sequences, 19 and is further facilitated by transcription and transcripts produced at these repeat elements.
20
Structural information embedded in L1 and SINE repeats may be universally recognizable, thus 21 contributing to the high degree of stability and conservation in compartmental and TAD 22 organization that is observed across mammalian species and cell types. We want to note that L1 We thank the Shen Laboratory members for insightful discussions, and we thank Dr. Hongxia Lv 5 at the core imaging facility of the School of Life Sciences, Peking University, for imaging support. 
